Objective: In our study, we analyzed the risks and benefits of barbiturate coma therapy (BCT) in patients who received decompressive craniectomy for malignant cerebral infarction (MCI) in the past 11 years. Additionally, we evaluated the factors affecting the functional outcomes in these patients. Methods: A retrospective analysis was performed for all patients who underwent decompressive craniectomy for MCI between August 2005 and May 2016. Based on the routine use of BCT, patients were divided into two groups: BCT group with immediate use of BCT after decompressive craniectomy and control group without use of BCT. Results: There was no significant difference in one-month mortality between the BCT and non-BCT groups (p=0.477). Oneyear survival rates were 65.7% and 58.4%, and 2-year survival rates were 56.3% and 54.2% in the BCT and control groups, respectively. Glasgow Outcome Scale scores of the two groups showed a significant difference in favour of control group at 1 month after the surgery (p=0.034), but not at 6 months after surgery (p=0.494). Adverse events and complications occurred more frequently in the BCT group than in the control group. Conclusion: Based on our results, we concluded that BCT for patients with MCI does not always result in a positive outcome. We oppose the use of BCT as a routine conventional treatment. However, it may be considered as an adjunct measure when maximum conventional treatment fails.
INTRODUCTION
Malignant cerebral infarction (MCI) accounts for 10% to 15% of all acute ischemic stroke cases, and the mortality rate is approximately 80% 2, 8, 17) . MCI usually denotes a large middle cerebral artery (MCA) infarction, with or without involvement of the ipsilateral anterior and posterior territories of the cerebral artery 20) . MCI presents with acute brain swelling in the first 48 hr after stroke, resulting in elevated intracranial pressure (ICP) or brain herniation. The majority of patients with MCI are threatened by secondary complications such as brain edema, intracranial hypertension, midline shifting, and failure of intracranial circulation. Most complications are related to early death due to subsequent brain herniation and increased ICP 23) .
Treatment methods including head elevation, hyperosmolar agents, hypothermia, and hyperventilation have so far been ineffective for MCI, with reported mortality rates as high as 80% 6) . Due to the limitations of medical treatment, decompressive craniectomy has been proposed for patients with MCI. Several previously reported studies have shown its efficacy in decreasing mortality rates from 80% to 30% 1, 21) . This surgical treatment can prevent secondary tissue damage by making compensatory space to accommodate the swollen brain 22) . Along with surgical treatment, barbiturate coma therapy (BCT) was also recommended to control increased ICP that was refractory to surgical and maximum conservative treatment. BCT for the treatment of increased ICP has been studied since the 1970s with varying outcomes 13, 19, 22) . Barbiturates change the cerebral vascular tone and decrease metabolic demand from the brain, thus decreasing the ICP.
In patients with severe traumatic brain injury and malignant infarction, decompressive craniectomy and BCT are currently being used as second-tier means for the control of increased ICP. The current study attempts to determine whether the routine use of BCT after decompressive craniectomy could be beneficial in patients with MCI. 
MATERIALS AND METHODS

Patient Selection
A retrospective analysis was performed including all consecutive patients who underwent decompressive craniectomy for MCI since the new opening of our institution. In total, 42 patients with MCI were treated with decompressive craniectomy in our institution from August 2005 to May 2016. The inclusion criteria were infarction involving >50% of unilateral MCA territory with or without extension to other adjacent territories evaluated using computed tomography (CT) and/or magnetic resonance imaging (MRI) along with the acute onset of corresponding clinical symptoms and signs 8) . Patients with hemorrhagic transformation or infarctions, bilateral infarctions, and any concomitant severe medical disease or terminal illness contraindicating surgery were excluded. Immediate BCT after craniectomy was routinely initiated in our center from 2012 onwards, thereby dichotomizing our study sample based on the time span. Among the 42 patients, 4 patients who were sedated with propofol and/or midazolam instead of barbiturate were excluded, and the final study cohort comprised 38 patients. Following craniectomy, 12 patients were immediately treated with BCT and were categorized as the "BCT group", whereas 26 received conservative therapy apart from sedation and were categorized as the control or the "non-BCT group." The baseline characteristics of the BCT and control groups were compared and are shown in Table 1 .
Operative Methods
Large ipsilateral craniectomy and large duroplasty were performed on all 38 patients for relief of mass effect. The surgery involved a large reverse question-mark scalp flap, large frontotemporoparietal craniectomy of at least 15 cm in the largest diameter. We achieved adequate subtemporal skull decompression to prevent uncal herniation and ensured that the medial margin of craniotomy was at least 2 cm lateral from the midline to avoid injury to the superior sagittal sinus and to prevent excessive bleeding near the sinus. Large dura incision and spacious duraplasty was performed using synthetic dura, and subdural-type ICP-monitoring catheter (Spiegelberg GmBH & Co. KG, Hamburg, Germany) was placed on the temporal cortex just before the closure of the dura. The surgical bone flap was stored in freezer at -60°C until cranioplasty.
BCT Protocol
For patients in the BCT group, BCT was initiated by intravenously (IV) administering a dose of 5 mg/kg pentobarbital for 10 min, followed by a maintenance dose at rate of 5 mg/kg/h IV for 24 hr and reduced to 2.5 mg/kg/h. If the ICP increased above 20 mmHg during BCT, a bolus of 5 mg/kg pentobarbital was injected IV. The patient's neurological state was re-checked to evaluate if full coma was reached. We have been followed up the brain CT and re-evaluated as to whether surgical decompression is necessary. If the ICP was stable for more than 2 days, pentobarbital dosage was gradually reduced at a rate of 1 mg/kg/h/d, and then tapered out. No neuromuscular blockers were used.
Outcome Evaluation
We used Glasgow Outcome Scale (GOS) score to evaluate the clinical and functional recovery of patients. The functional outcomes at 1 and 6 months after surgery were divided into good outcome (GOS=3, 4, 5) and poor outcome (GOS=1, 2) groups, respectively. The following variables were analyzed for correlation with outcome: age (<67 years old vs. ≥67 years old), sex, laterality of infarction, midline shifting (<10 mm vs. ≥10 mm), infarction range (MCA vs. MCA+others), administration of BCT, initial GCS score (≤12 vs. >12), pupillary change, time interval between onset of infarction and surgery <24 hr vs. ≥24 hr), and existence of hypertension, diabetes mellitus, and/or atrial fibrillation.
Additionally, we compared the clinical outcomes of the BCT group and the control group. GOS scores and mortality rate at 1 and 6 months after surgery were analyzed to determine significant differences in outcome between the two groups. Differences in the frequency of medical complications between the two groups were also compared.
In addition, we analyzed the trend of ICP change over time. ICP monitoring was introduced in our institute since 2007, and ICP monitoring was performed for 10 patients in the BCT Fig. 1 . Kaplan-Meier curve shows cumulative survival rate after operation between BCT and control groups. Statistical analysis was performed with Kaplan-Meier curve analysis (p=0.808). * p≤0.05 was considered statistically significant. BCT: barbiturate coma therapy. group and 20 in the control group depending on this point of time. We obtained the ICP level every 6 hr up to 7 days after surgery and evaluated the effectiveness of BCT in decreasing ICP.
Statistical Analysis
We compared the differences between BCT group and control group using chi-square test, t-test, or Mann-Whitney U test. The Kaplan-Meier curve analysis was used to estimate mean survival time and to check curves for overall survival in both groups. Moreover, Bonferroni's method was used to assess the trend of ICP change between the BCT and the control groups. A p-value less than 0.05 was considered significant. Logistic regression analysis was used to evaluate the likelihood of a better GOS score at 6 months post-surgery. Univariate analyses were used to determine the effects of age (<67 years old vs. ≥67 years old), sex, laterality, midline shifting (<10 mm vs. ≥10 mm), infarction range (MCA vs. MCA+ others), BCT, hypertension, diabetes mellitus, atrial fibrillation, initial GCS (≤12 vs. >12), pupillary change, and time to operation (<24 hr vs. ≥24 hr) on GOS at 6 months postsurgery. Variables that were found to be associated with better GOS score were subjected to multivariate analyses. Statistical analyses were performed using SPSS version 23.0 (IBM Corp., Armonk, NY, USA).
RESULTS
Overall Outcome
The mean and median follow-up periods were 28.1 months and 11.9 months (range, 0.2-107.7 months), respectively. Seven patients died within a month after decompressive craniectomy, 25 patients (65.8%) died during follow-up, and 10 patients (26.3%) were alive during data collection. Four patients were lost to follow-up. The overall survival rate at 6 months, 1 year and 2 years were 70.4±0.8%, 61.4±0.8%, and 54.8±0.9%, respectively.
The correlations between preoperative clinical and radiological variables and degree of recovery were represented by GOS scores at 6 months after surgery. Among the 38 patients included in this study, 20 were male and 18 were female (malefemale ratio, 1.11:1). The mean and median age was 64.79± 1.61 years (range, 45-85 years) and 67 years; median initial Glasgow Coma Scale (GCS) score, 12.05±0.33 (range, 6-15); median preoperative GCS score, 9.08±0.29 (range, 5-13) ( Table 1) ; and mean interval from onset of infarction to decompressive craniectomy, 51.2±6.6 hr. In 25 patients, only the MCA territory was affected, whereas in the remaining 13, the anterior cerebral artery and/or the posterior cerebral artery territories were also involved at the time of surgery. Non-dominant hemisphere was involved in 22 patients (57.8%), while dominant hemisphere involvement was seen in 16 patients (42.2%). The clinical and radiological characteristics of the patients are summarized in Table 2 . Univariate analysis revealed that the volume of the infarcted brain and pupillary change at the time of surgery were associated with a poor outcome (p<0.001 and p<0.050, respectively). The three factors with p<0.1 were re-analyzed using multiple logistic regression models, and infarction volume was identified as an independent predictor of outcome. Patients with infarcted brain within the MCA territory showed better GOS scores at 6 months post-surgery than those with brain infarctions beyond the MCA territory (p=0.002, adjusted odds ratio [OR]=0.032; 95% confidence interval [CI]=0.004-0.298).
Risk-Benefit of BCT
There was no significant difference in 1-month mortality between the patients with MCI treated with BCT and those treated without BCT (p=0.477). One-year survival rates were 65.7% and 58.4%, and 2-year survival rates were 56.3% and 54.2% in the BCT and control groups, respectively. There was no significant difference between the two groups (Fig. 1) .
GOS scores at 1 month post-surgery in the BCT group were significantly worse than in control group (p=0.034). However, GOS scores at 6-month follow-up showed no significant difference between the two groups (p=0.494; Table 3 ). There were various complications in both groups, including pulmonary (pneumonia, pulmonary edema), hepatic (aspartate transaminase/alanine transaminase elevation), renal (azotemia, electrolyte imbalances, diabetes insipidus), and cardiac complications (cardiac marker elevation, tachycardia, atrial fibrillation, hypotension, B-type natriuretic peptide elevation) within 1 month post-surgery (Table 4 ). The pulmonary comorbidity was found in all patients administered with BCT and 15 patients (57.7%) in the control group. This difference was significant (p=0.01). Additionally, hepatic comorbidity was dominant in the BCT group (83.3%) than in the control group (23.1%; p=0.006). Renal comorbidity was also more frequent in the BCT group (66.7%) than in the control group (23.1%; p=0.006). However, the incidence of cardiac comorbidity was similar in the two groups.
The changes in ICP for 7 days post-surgery are illustrated in Fig. 2 . There was no difference in the ICP between the two groups for the first 24 hr. After 24 hr, ICP seemed to be controlled better in the BCT group than in the control group; however, this finding was not significant (p=0.261). During ICP monitoring, we defined patients who underwent reoperation for ICP control or expired due to uncontrolled increase in ICP as "failure of ICP control." There was no significant difference between the BCT group and the control groups regarding "failure of ICP control"; two patients (20%) in the BCT group showed "failure of ICP control," compared to 4 (20%) in the control group.
DISCUSSION
The treatment of patients with MCI remains a challenge. Moreover, a more substantial comparison of the risks with the merits of the combination of BCT and decompressive craniectomy in patients with MCI has yet to be made 14, 24) . Highdose barbiturate is known to decrease ICP. It is known for many years that barbiturates play an important role in the management of ICP 3, 7) . The mechanism of action of barbiturate in patients with ICP is thought to be derived from rerouting blood to ischemic brain areas by vasoconstriction in normal brain areas and decreasing metabolic demand 10, 11) . Barbiturate may show protective effects in other mechanisms such as stabilizing lysosomal membrane, modifying amino acids and release of neurotransmitters, reduction of calcium concentration within the cells, delaying cerebrospinal fluid production, reforming of fatty acid metabolism, clearance of free radicals, and seizure suppression 3, 4, 24) . The associations between the clinical outcome and level of ICP have been well documented in previously studies. According to Lee et al. 11) , the patients whose ICPs were adequately controlled by pentobarbital, had 5 times greater chances of survival. Eisenberg et al. 7) reported the results of a 5-center randomized controlled trial of high-dose barbiturate therapy for uncontrollable ICP in patients with poor GCS score, and showed that the patients in the pentobarbital group had improved outcome.
In previous studies, ICP control was better achieved in the BCT group. However, in our study, there were no significant differences in GOS and overall survival between the two groups at 6 months post-surgery. Although after 24 hr, ICP seemed to be controlled better in the BCT group than in the control group; however, this finding was not significant (p=0.261). This can be explained by the stronger effect of decompressive craniectomy than that of BCT in the management of increased ICP. Moreover, our study was a small sample size and the GOS scores were significantly worse in the BCT group than in the control group at 1 month post-surgery. This may be due to frequent medical complications in the BCT group, which could delay patients' functional recovery. Widely known complications of BCT include cardiac dysfunction including hypotension, electrolyte imbalance, pulmonary comorbidities, hepatic dysfunction, renal dysfunction, and infection 10, 14, 18, 24) . In this study, medical complications such as pneumonia, aspartate transaminase/alanine transaminase elevation, hypernatremia, and diabetes insipidus were more frequently seen in the BCT group than in the control group. It has been reported by many other studies that more than 70% of the patients who underwent BCT showed widely known complications such as hypotension, respiratory distress, electrolyte imbalance, and liver failure 18, 24) . Similarly, electrolyte imbalance and respiratory complications occurred in majority of the patients in the BCT group in our study.
Generally accepted prognostic factors of MCI are age, timing of surgery, dominance of the infarcted hemisphere, and the extent of infarcted territory 9, 10, 12, 16) . In our study, dominance of the infarcted hemisphere showed no significant difference. This may be because of the low number of samples and, instead of the dominant hemisphere, the area of infarction might have contributed significantly to the prognosis. Age, however, was discarded as a prognostic factor in our study due to statistical insignificance (p=0.516). This may be because of the low number of samples, which made it difficult to run a statistical test. The cut-off age was set to 67 years base on the median age. In addition, advantages of early surgery (<24 hr) also failed to prove significant. This may be because, of the 12 patients who underwent early surgery, 6 had larger infarction beyond MCA territories, which could have affected the outcome. Only the extent of infarction affected the outcome in our study, which concurred with numerous other studies accepting it as a prognostic factor 5, 15) . This study has important limitations which could influence the reliability of our results. First, this study was conducted retrospectively; therefore, it is subject to selection bias. Application of BCT was decided by each surgeon's preference or operative findings or postoperative CT findings rather than by randomization. Nevertheless, the patients had similar baseline clinical characteristics (Table 1 ) and similar ICP within 24 hr (Fig. 2) between the BCT and control groups, which may have reduced selection bias. The small sample size is another major limitation of our study. To overcome this limitation, we analyzed all patients treated since the new opening of our institute and minimized the exclusion criteria. Only 4 patients were excluded from our study because they received intended sedative treatment using midazolam or propofol. Hence, the heterogeneity of study population was inevitable. For example, hemorrhagic transformation or coagulopathies were not considered in this study. We suggest including as many patients as possible to reduce the selection bias in the study of the utility of BCT in the management of MCI.
CONCLUSION
In summary, the present study demonstrates that the use of BCT following decompressive craniectomy in the management of MCI is associated with high frequency of medical complications, which could delay functional recovery and adequate rehabilitation, even though it could provide a favorable effect to ICP control in previous studies. Therefore, we suggest that BCT should not be used as a routine protocol following decompressive craniectomy. Instead, it should be used as an adjunctive or selective measure when maximum conventional treatments fail. Future studies are required to ascertain when BCT could be beneficial in patients with malignant MCA infarction.
